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ATP-dependent chromatin remodeling enzymes,
such as SWI/SNF, hydrolyze thousands of ATPs to
regulate gene expression on chromatin fibers.
Recent mechanistic studies suggest that these
enzymes generate localized changes in DNA topol-
ogy that drive formation of multiple, remodeled
nucleosomal states.
Chromatin remodeling enzymes alter the folding,
fluidity and basic structure of chromatin, providing key
solutions to the accessibility problems associated with
the packaging of DNA into folded nucleosomal arrays.
These enzymes are generally grouped into two
classes (reviewed in [1]). The first class includes
enzymes that covalently modify the nucleosomal
histones — for example, by acetylation, phosphoryla-
tion or methylation — whereas members of the
second class use the chemical energy of ATP hydrol-
ysis to alter chromatin structure. One prime example
of an ATP-dependent remodeling enzyme is the
human SWI/SNF complex, a large, multi-subunit
assembly which plays critical roles in transcriptional
regulation. In fact, both human SWI/SNF and its yeast
counterpart can be recruited to target genes through
direct interactions with gene-specific regulatory pro-
teins [1,2]. Since the identification of SWI/SNF-like
enzymes over seven years ago, numerous biochemi-
cal studies have investigated how they use the energy
of ATP hydrolysis to disrupt chromatin structure.
These studies have culminated in a recent series of
papers which suggest that the energy of ATP hydroly-
sis is used to introduce superhelical torsion into nucle-
osomal DNA, leading to formation of nucleosomes
that contain exposed DNA bulges or loops.
In the case of SWI/SNF-like enzymes, ‘chromatin
remodeling’ refers to numerous in vitro ATP-depen-
dent changes in a chromatin substrate, including 
disruption of histone–DNA contacts within mononu-
cleosomes, movement of histone octamers in cis and
in trans, loss of negative supercoils from circular
minichromosomes, and increased accessibility of
nucleosomal DNA to transcription factors and restric-
tion endonucleases (reviewed in [2]). How can these
enzymes catalyze such changes in chromatin struc-
ture? Early models for ATP-dependent remodeling
focused on changes in the histone component of the
nucleosome. For instance, SWI/SNF-like enzymes
were initially proposed to use the energy of ATP
hydrolysis to drive removal of one or both of the
histone H2A–H2B dimers, resulting in DNA wrapped
onto only a tetramer of histones H3 and H4 [3]. Later,
Hayes and Kingston [4] proposed that the dimers
might not be lost, but dramatically rearranged, gener-
ating a novel nucleosome conformation. This type of
model seems less likely, however, as recent studies
[5,6] have shown that various types of histone–histone
crosslinking do not block ATP-dependent remodeling,
and a sensitive fluorescence assay was unable to
detect even subtle changes in the histone octamer
during the remodeling process.
There is now increasing evidence that ATP-
dependent remodeling involves changes in the topol-
ogy of nucleosomal DNA. In an insightful set of
experiments, Owen-Hughes and colleagues [7] used a
novel cruciform extrusion assay to demonstrate that
remodeling enzymes use ATP hydrolysis to introduce
superhelical torsion into either DNA or chromatin.
Surprisingly, even a recombinant ATPase subunit,
such as Brg1 — the catalytic subunit of human
SWI/SNF — can generate negative superhelical stress,
suggesting that this reaction may be the primary bio-
mechanical activity of ATP-dependent remodeling
enzymes. In support of this view, the remodeling activ-
ity of yeast SWI/SNF can be blocked by constraining
DNA topology within a tiny, circular minichromosome
[8]. How ATP-dependent remodeling enzymes gener-
ate superhelical torsion is not known, but current
models propose the involvement of DNA tracking
activity [7], rotation of DNA [6] or the generation of
small DNA loops [9] (Figure 1).
Although these studies suggest that introduction of
topological stress is a key component of ATP-depen-
dent remodeling, it is unclear how torsion could be
used to disrupt nucleosome structure or what kind(s)
of remodeled nucleosome structure is generated.
Recently, Kingston and colleagues [10] tackled these
issues using an old-fashioned biochemical approach
— determine the steady-state kinetic parameters for a
nucleosome remodeling reaction and then use this
information as a framework to derive a mechanistic
model. In this study, recombinant Brg1 was used as
the remodeling enzyme and a restriction enzyme
accessibility assay was used to quantify the remodel-
ing of a mononucleosome substrate. Two (of many)
kinetic parameters determined in this analysis were
the kcat for mononucleosome remodeling (0.1 min–1)
and the kcat for ATP hydrolysis (100 min–1). This means
that Brg1 needs to hydrolyze ~1,000 ATPs to expose
a single PstI site near the center of the nucleosome! 
In contrast, the calculated energetic cost to peeling all
the DNA off the histone octamer could be paid for by
the hydrolysis of only a few ATPs [11,12].
Are these enzymes really this inefficient or is the
reaction more complicated? One possibility is that the
remodeling enzyme does not generate a single,
remodeled structure (Figure 1), but instead creates a
multitude of different remodeled nucleosomes of
which only a subset have an accessible PstI site
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(Figure 2). In this case, multiple rounds of ATP hydrol-
ysis would be required to drive all the remodeled
nucleosomes through the PstI-accessible conforma-
tion. While Kingston and colleagues [10] performed
numerous tests of this model, one was particularly
informative: adding the restriction enzyme after the
remodeling reaction was completed. If Brg1 does
need to hydrolyze 1,000 ATPs to generate a single
structure, then all the PstI sites will be exposed after a
long incubation with Brg1. In contrast, if multiple
remodeled species are continually formed and inter-
converted, only a few PstI sites will be exposed at any
one time. PstI digestion in this type of experiment will
thus provide a snapshot of the distribution of different
remodeled species present at any given time. As pre-
dicted by the more complicated model, only ~20% of
the PstI sites were found to be accessible in this type
of experiment. Furthermore, restriction sites located at
different positions on the nucleosome were exposed
at different rates, also consistent with the formation of
multiple, distinct species. In fact, estimates from
Dnase I studies indicate that Brg1 is really not such an
inefficient enzyme — it only takes around 50–100
ATPs to generate this remodeled distribution.
What are these multiple remodeled species?
Surprisingly, Brg1 was much more effective at driving
the exposure of restriction sites located at the center
of the nucleosome, compared to sites located at the
nucleosomal edge [10]. Thus, Brg1 does not seem to
peel, push or slide DNA from an end. Kingston and
colleagues [10] propose a model in which Brg1 first
creates some type of ‘activated intermediate’ which
then decays into a distribution of remodeled nucleo-
somes that contain exposed DNA bulges or small DNA
loops at different positions. 
One interesting possibility is that the activated
intermediate might reflect the ATP-dependent gener-
ation of torsional stress. Superhelical stress might
then be relieved on the nucleosome surface by
random dissociation (bulging) of small stretches of
nucleosomal DNA. These bulged DNA regions would
then be accessible for interactions with DNA-binding
proteins, such as restriction enzymes or transcription
factors. Furthermore, in this model the remodeling
enzyme must continually interconvert the distribution
of bulged species, producing a ‘window of opportu-
nity’ for factor binding at essentially any position
within the nucleosome. It is important to note,
however, that this model is based on the remodeling
of a mononucleosome substrate. How accurately this
model reflects the remodeling of more physiological
substrates, such as nucleosomal arrays, will require
additional studies.
Does this type of mechanistic model apply only to
SWI/SNF-like enzymes or to all types of ATP-depen-
dent remodeling enzymes? Other ATP-dependent
remodeling enzymes, such as those that contain the
ISWI-like ATPase, are not particularly effective at dis-
rupting DNA–histone contacts within nucleosomes, but
ISWI-like enzymes are quite good at using ATP hydrol-
ysis to mobilize histone octamers in cis [13,14]. Like
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Figure 1. ATP-dependent generation of
superhelical torsion generates a single
remodeled nucleosomal state.
Brg1 (yellow) is shown bound to nucleo-
somal DNA. ATP hydrolysis is used to
generate superhelical torsion (arrow).
Torsion might be generated by DNA
tracking or DNA helix rotation. Superheli-
cal torsion destabilizes histone-DNA inter-
actions yielding a remodeled nucleosome










Figure 2. A two-step model for ATP-dependent formation of a
distribution of remodeled nucleosomes.
Step 1: ATP hydrolysis is used to generate superhelical torsion
in nucleosomal DNA. This event generates a ‘stressed’ inter-
mediate that is short-lived. Step 2: The stressed intermediate
decays into a distribution of remodeled species. This event
may reflect the relief of superhelical torsion on the nucleosome
surface by dissociation of small DNA bulges or loops. Note the
location of the unique PstI restriction site which is only acces-
















Brg1, however, the ISWI ATPase is also able to intro-
duce superhelical stress into chromatin [7], and thus it
seems likely that this activity plays a central role in
nucleosome mobilization. Perhaps the only difference
between ISWI-like and SWI/SNF-like enzymes is how
they interact with a nucleosomal substrate. Consistent
with this view, SWI/SNF-like enzymes can bind to both
wraps of nucleosomal DNA, whereas ISWI only inter-
acts with a nucleosomal edge [9,15]. In addition, ISWI
is distinct from SWI/SNF-like enzymes in that its
ATPase activity requires intact histone amino-terminal
tail domains [16, 17]. Thus, how the remodeling
enzyme ‘holds on’ to either histone or DNA may be the
key for guiding the application of superhelical torsion,
and therefore key to controlling whether the stress is
relieved as a distribution of bulges or as octamer
movements. The development of kinetic and thermo-
dynamic frameworks for additional remodeling reac-
tions — such as those catalyzed by ISWI — may be
necessary for testing such a universal model for ATP-
dependent chromatin remodeling.
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